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During vertebrate eye development, the optic vesicle originating from the neuroectoderm is partitioned into a domain that
will give rise to the neural retina (NR) and another that will give rise to the retinal pigmented epithelium (RPE). Previous
studies have shown that ectopic expression of FGFs in the RPE induces RPE-to-NR transdifferentiation. Similarly, a
naturally occurring mutation of the transcription factor Mitf in mouse resulted in the formation of a second neural retina
in place of the dorsal RPE, but the putative signaling pathway linking FGF to Mitf regulation is presently unknown. In
cultures of neural crest-derived melanocytes, the MAPK pathway was recently shown to target the Mitf transcription factor
for ubiquitin-dependent proteolysis, resulting in a rapid degradation and downregulation. In the present study, we show that
ectopic expression of a constitutively activated allele of MEK-1, the immediate upstream activator of the MAPK ERK, in
chicken embryonic retina in ovo, induces transdifferentiation of the RPE into a neural-like epithelium that is correlated
with a downregulation of Mitf expression in the presumptive RPE. © 2002 Elsevier Science (USA)
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During vertebrate eye development, the optic vesicle is
partitioned into a domain at its distal tip that will give rise
to the neuroretina (NR) and another at its proximal base
that will give rise to the retinal pigmented epithelium
(RPE). These two domains are initially bipotential, each
capable of giving rise to either NR or RPE. Accordingly,
both RPE-to-NR and NR-to-RPE transdifferentiation pro-
cesses have been described (Coulombre and Coulombre,
1965; Turque et al., 1996; Planque et al., 1999; Nguyen and
Arnheiter, 2000). In vivo, the decision to develop one way
or the other depends on the release of molecular signals
from the surrounding tissues. Thus, overlying surface ecto-
derm produces growth factors of the FGF family that
promote NR differentiation (Pittack et al., 1997; Nguyen
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All rights reserved.and Arnheiter, 2000). Similarly, extraocular mesenchyme is
required, probably through the production of an activin-like
TGF- member, for the induction and maintenance of
microphthalmia (Mitf) expression and for downregulating
neural retina-specific markers, such as the transcription
factor Pax-6 in the prospective RPE (Fuhrmann et al., 2000).
The importance of the bHLHZip transcription factor Mitf
for RPE development was demonstrated by a naturally
occurring mutation of the gene in mouse resulting in the
formation of a second neural retina in place of the dorsal
RPE (Scholtz and Chan, 1987; Bumsted and Barnstable,
2000; Nguyen and Arnheiter, 2000). A similar phenotype
was observed in the silver homozygote (B/B) of the Japanese
quail, in which the mutated gene was identified as avian
Mitf (Mochii et al., 1998b). Furthermore, expression of Mitf
in cultures of quail NR cells induces a pigmented pheno-
type (Planque et al., 1999). Consistently, a recent study
using explant cultures of mouse optic vesicles showed that
implantation of FGF-1- or FGF-2-coated beads close to the
RPE induced a neuroretinal phenotype correlated with a
downregulation of Mitf expression, whereas removal of the
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surface ectoderm resulted in the maintenance of Mitf in the
distal optic epithelium and conversion of this epithelium
into a pigmented monolayer (Nguyen and Arnheiter, 2000).
In addition, EGF, the ligand of a distinct tyrosine kinase
receptor, exerts the same effects as FGF after surface ecto-
derm removal (Nguyen and Arnheiter, 2000).
Taken together, these studies suggest that membrane-
bound tyrosine kinase receptors, such as the FGF-R family,
are able to initiate a specific intracellular signaling pathway
that will ultimately result in the downregulation of the
Mitf transcription factor in the nucleus. However, the
molecular components of this pathway remain to be iden-
tified since FGF exerts its effects through a wide spectrum
of downstream effectors (Hadari et al., 2001), including Src
(Weinstein et al., 1998), Stat (Sahni et al., 1999), PLC-
(Saffell et al., 1997), PI-3K (Chen et al., 2000; Carballada et
al., 2001), and Ras (Kouhara et al., 1997).
Interestingly, retinal pigmented cells derived from the
neuroectoderm are not the only cell type in which Mitf
plays a key role since it is also essential for proliferation,
survival, and differentiation of neural crest-derived melano-
cytes during development (Hodgkinson et al., 1993). In
these cells, Mitf regulation appears to be controlled by at
least two distinct signaling pathways. Melanocyte-
stimulating hormone (MSH) increases cAMP intracellular
levels and stimulates new transcription of Mitf through a
cAMP response element (CRE) in the Mitf promoter (Ber-
tolotto et al., 1998). However, Mitf intrinsic transcriptional
activity can also be directly regulated by a signaling path-
way downstream of the membrane-bound tyrosine kinase
receptor c-Kit (Hemesath et al., 1998), providing an expla-
nation for the striking phenotypic overlap resulting from
mutations of both c-Kit and Mitf genes in mice. Indeed,
recent in vitro studies using melanoma cell lines and
normal melanocytes in culture have demonstrated that
Mitf activity is regulated by phosphorylation mechanisms
mediated by the MAPK/ERK pathway, in response to c-Kit
stimulation (Hemesath et al., 1998; Wu et al., 2000).
The MAP kinase cascades are membrane-to-nucleus sig-
naling modules highly conserved from yeast to vertebrates
and involved in multiple physiological processes, including
cell proliferation, cell differentiation, and apoptosis (Schaef-
fer and Weber, 1999; Pearson et al., 2001; Peyssonnaux and
Eyche`ne, 2001). These intracellular signaling pathways are
composed of a MAP (mitogen-activated protein) kinase
kinase kinase (MAPKKK), which phosphorylates and acti-
vates a MAPKK (MAP kinase kinase), which in turn phos-
phorylates and activates a MAPK (MAP kinase). Once
activated, MAPKs can translocate into the nucleus to
phosphorylate and regulate the activity of transcription
factors (Treisman, 1996; Su and Karin, 1996). ERKs, the first
MAPKs to be characterized, specifically target transcription
factors such as members of the ets family, elk, SAP, ets-2,
yan, and pointed (Treisman, 1996; Wasylyk et al., 1998).
ERKs (ERK-1 and ERK-2) are activated by MAPKKs called
MEKs (MEK-1 and MEK-2), themselves activated by MAP-
KKKs of the Raf family (Schaeffer and Weber, 1999; Peys-
sonnaux and Eyche`ne, 2001). It has been well established
for a long time that protein kinases of the Raf family are
activated downstream of a large number of membrane-
bound tyrosine kinase receptors, including c-Kit (Miyazawa
et al., 1991; Brennscheidt et al., 1994; Eyche`ne et al., 1995)
and the FGF receptor (Morrison et al., 1988; MacNicol et
al., 1993) mentioned above. In melanocytes, c-Kit-induced
Mitf phosphorylation through the Raf/MEK/ERK pathway
is complex and exerts dual effects on Mitf activity (Wu et
al., 2000). Mitf is phosphorylated directly by ERK on serine
73 and by RSK-1, a protein kinase activated by ERK, on
serine 409. These two phosphorylation events indeed up-
regulate transactivation potential of Mitf, but also simulta-
neously target Mitf for ubiquitin-dependent proteolysis,
resulting in a rapid degradation and downregulation of Mitf.
Taken together, all these observations arising from stud-
ies with FGF or EGF in the RPE and with c-Kit in melano-
cytes point to the Raf/MEK/ERK cascade as a major down-
stream signaling pathway that could be responsible for the
downregulation of Mitf. However, so far, no direct evidence
has been provided that this occurs in vivo.
In the present study, we show that ectopic expression of
a constitutively activated allele of MEK-1 (MEKDD), the
immediate upstream activator of the MAPK ERK, in
chicken embryonic retina in ovo, induces transdifferentia-
tion of the RPE into a neural-like epithelium. This pheno-
type is characterized by an interruption of the RPE that is
replaced by an expansion of cells expressing neural-specific
markers. Accordingly, Mitf expression was downregulated
in the regions of the RPE affected by MEKDD.
MATERIALS AND METHODS
Retroviral Stocks Production
The RCAS/MEKDD replication-competent retrovirus was ob-
tained as described previously (Denouel-Galy et al., 1998) and
encodes an HA1 epitope-tagged version of constitutively activated
MEK-1 mutant in which serine residues 218 and 222 were replaced
by aspartic acid residues (Brunet et al., 1994). Viral stocks were
produced by transfection of Brown Leghorn chick embryonic fibro-
blasts (CEFs), obtained from pathogen-free fertilized eggs, either
with the empty vector RCAS or with the RCAS/MEKDD construct.
The supernatants of infected cultures were collected, filtered on a
0.45-m filter, and concentrated 600-fold by ultracentrifugation
(100,000g for 2 h). Viral titers were approximately 105 IU/ml before
concentration. Viral stocks were aliquoted and kept frozen at
80°C.
Efficiency of MEK-1 mutant protein expression from the RCAS/
MEKDD viral stock was verified by using two criteria: the synthesis
of the HA1-tagged protein in infected CEFs detected by Western
blotting analysis (data not shown), and the ability of the RCAS/
MEKDD virus to induce sustained proliferation of NR cell cultures
from 8-day-old chicken embryos, as previously described (Denouel-
Galy et al., 1998).
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Viral Infections of Embryonic Retina
Chicken White Leghorn embryos were obtained by incubating
fertilized pathogen-free eggs (Nouzilly France) at 38°C in a humidi-
fied rocking incubator, and staged according to Hamburger and
Hamilton (1951). Approximately 0.5 l of viral stock was mixed
with 0.04% Fast Green dye and immediately injected through a
lateral window in the shell into stage 15 right optic vesicles, either
in the vitreous humor or into the subretinal space. The window
was then sealed with adhesive tape and the eggs were further
incubated in a humidified nonrocking incubator for indicated
periods (Morgan and Fekete, 1996). Retroviral infection of ED 2.5
retina provoked a widespread infection within 48 h (Fekete and
Cepko, 1993). Eyes dissected from embryos harvested at various
developmental stages were then mounted in OCT cryo-medium
(Miles), frozen, and stored at 80°C. Serial 10-m cryosections
orthogonal to the pecten were cut with a Bright OTF/AS cryostat
(D.I.S.), collected on gelatin-coated slides, and stored at20°C. The
results are based on the analysis of 20 embryos injected with 2
different RCAS/MEKDD viral stocks, 24 embryos injected with
RCAS control, and uninjected control embryos.
Histology and Immunohistochemistry
For histological analysis, 10-m serial cryosections were stained
with eosine–hemalun dyes (0.5–0.2%). For immunostainings, the
sections were washed with PBS, fixed 10 min in paraformaldehyde
4%, permeated 30 min with 0.1% Triton X-100 in PBS, and blocked
with 5% goat serum, 0.1% Triton X-100 in PBS for 1 h. Primary and
secondary antibodies were diluted in the blocking solution and
incubated for 1 h at room temperature.
Ectopic MEKDD expression was revealed by using the Y-11
polyclonal anti-HA antibody (1/150) (SantaCruz Biotech.). Rhodop-
sin expression in photoreceptors outer-segment was monitored
with the mouse monoclonal antibody Rho4D2 (1/50) (kindly pro-
vided by David Hicks, Strasbourg, France). The chicken glial-
specific monoclonal antibody 3CB2 was provided by the Develop-
mental Studies Hybridoma Bank (1/50) (Prada et al., 1995). The
rabbit polyclonal anti-Pax-QNR (quail Pax-6) (1/3000) and anti-
Mitf (1/200) antibodies were described previously (Carriere et al.,
1993; Planque et al., 1999). Mouse monoclonal anti-MAP-2 (1/500)
and rabbit polyclonal anti-neurofilament 200 (1/100) antibodies
were purchased from Sigma-Aldrich Chimie S.A.R.L. Goat anti-
rabbit (1/500) or goat anti-mouse (1/500) coupled to green Alexa 488
and red Alexa 568 fluorochromes, respectively (Molecular Probes),
were used as secondary antibodies. The DNA-specific dye DAPI
(Sigma-Aldrich Chimie S.A.R.L.) was added to the secondary anti-
body incubation (4 g/ml).
In Ovo BrdU Labeling
In order to label S-phase cells in ovo, 50 g of Bromodeoxyuri-
dine (BrdU) was administrated dropwise onto injected embryos 48 h
prior to sacrifice, through the window of the eggshell. Shells were
then sealed with adhesive tape and the eggs were replaced into the
incubator for additional 24 h. Eyes were dissected and sectioned as
described above. Sections were washed with PBS, fixed with 4%
PAF, and treated with 5% acetic acid, 95% ethanol for 2 min at
room temperature. After three washes with PBS, the sections were
incubated for 5 min in 2 N HCl and washed several times with
DMEM until the pH remained neutral, as indicated by the red pH
indicator. Immunohistochemical detection was performed as de-
scribed above by incubating with a monoclonal mouse anti-BrdU
antibody (1/10) (Becton Dickinson).
Western Blotting Analysis
Dissociated RPE dissected from 8-day-old quail embryos was
plated in Dulbecco’s modified Eagle’s medium/F-12 containing
10% fetal calf serum, 1% vitamins, 100 minimum Eagle’s me-
dium, and 10 mg/ml conalbumin. In vitro propagated cells were
serum-starved for 5 h and left untreated or treated with 20 ng/ml
recombinant FGF-2. U0126 (Cell Signaling Technology) was used
to inhibit MEK activity and was added 2 h prior FGF treatment, at
10 M final concentration. Cells were lysed in 140 mM NaCl, 20
mM Tris (pH 8.0), 2 mM EDTA, 1/10 v/v glycerol, and 1/100 v/v
NP40, supplemented with protease and phosphatase inhibitors and
centrifuged at 20,000g (20 min, 4°C). Protein extracts (100 g) were
separated on a 10% SDS–polyacrylamide gel and transferred to
Immobilon-P membranes. The membrane was then probed with a
polyclonal antibody directed against the phosphorylated forms of
ERK (New England BioLabs, Inc.) at a 1/1000 dilution, followed by
a secondary antibody conjugated to horseradish peroxidase, and
proteins were visualized with the enhanced chemiluminescence
(ECL) system from Amersham Biosciences using a CCD camera
(GeneGnome Bioimaging System; Syngene). The membrane was
then stripped and reprobed with an anti-ERK polyclonal antibody
(Santa Cruz Biotechnology) at a 1/2000 dilution to detect total ERK
protein amount.
RESULTS AND DISCUSSION
Expression of Constitutively Activated MEK-1
Alters RPE Development and Differentiation
Constitutive activation of ERK in cell cultures by over-
expression of an activated allele of the MAPKK MEK-1 has
been extensively used to study the effects of this signaling
pathway on cell division and/or differentiation in vitro. We
used this approach to investigate the effect of ERK consti-
tutive activation on retina development in the chicken
embryo. The RCAS/MEKDD retrovirus encoding an acti-
vated allele of MEK-1 (Denouel-Galy et al., 1998) and the
control RCAS virus were injected into optic vesicles of
stage 15 chicken embryos, either in the vitreous humor or
into the subretinal space. The phenotype of injected em-
bryos was then examined at different stages between ED5
and ED18. Examination of eyes injected with the RCAS/
MEKDD virus revealed a striking phenotype characterized by
the presence of white spots reminiscent of a lack of pigmen-
tation (Figs. 1A–1C). This phenotype was visible as early as
ED5 and became more evident at later stages (ED 18). It was
never observed in embryos injected with the control RCAS
(Fig. 1E) or in uninjected embryos (Fig. 1D; and Table 1). We
observed the same phenotype when quail embryos were
used instead of chicken embryos (data not shown). The
anomalies were further characterized by examination of
histological sections (Fig. 2). At early stages of development
(ED5–ED7), when the retina is composed of undifferenti-
ated neuroepithelium (NE) and retinal pigmented epithe-
lium (RPE), sections through the anomalies showed an
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absence of RPE cell layer pigmentation (Figs. 2A, 2C, and
2D). However, the RPE cell layer appeared continuous and
the depigmented area displayed an aspect similar to that of
the NE. In contrast, there was no significant alteration of
the NE and, in particular, no continuity could be observed
between RPE and NE cell layers. At later stages (ED12–
ED18), after the onset of NR differentiation characterized
by the appearance of the ganglional cell layer (GCL) and the
photoreceptor cell layer (ONL), both size and thickness of
the anomalies increased, reaching up to 400 m at ED18
(Figs. 2I and 2K). Immunostaining with an antibody against
the HA1 epitope revealed the expression of the transgene
encoding HA-MEKDD in the depigmented cells from the
anomalies (Figs. 3C and 3D). This expression was main-
tained up to ED18. In most cases, but not all, HA-MEKDD
expression was also detected in surrounding cells from the
NE, depending on the initial onset of viral infection. These
results were confirmed by anti-Gag immunostainings (data
not shown) and indicated that although the whole retina
could be infected, major alterations were observed in the
RPE layer at early stages. However, at ED12–ED18, strong
alterations could be also observed in the laminar structure
of the NR (Figs. 2I, 2K, and 3E). Based on both histological
and anti-HA1 labeling data, it is likely that these deforma-
tions result from defect of RPE differentiation rather than a
direct effect of MEKDD expression in the NE. This is in
agreement with studies in mouse demonstrating that the
RPE is still necessary to maintain the organization of the
retinal lamina, even after the beginning of NR differentia-
tion (Raymond and Jackson, 1995; Bumsted and Barnstable,
2000). In particular, the RPE is required for proper photore-
ceptor outer segment development and Opsin gene expres-
sion (Hollyfield and Witkovsky, 1974; Stiemke et al., 1994;
Bumsted et al., 2001), probably through the production of
factors such as pigment epithelium-derived factor (PEDF).
In Xenopus laevis retina, RPE removal dramatically altered
the ultrastructure and biosynthetic activity of Muller glial
cells that failed to form adherens junctions with photore-
ceptors and to express glutamine synthetase (Jablonski et
al., 2001). PEDF addition was able to restore normal devel-
opment of both Muller and photoreceptor cells (Jablonski et
al., 2000, 2001).
To assess the functional integrity of photoreceptor outer
segments in the vicinity of RPE anomalies induced by
MEKDD, immunostaining with an anti-Rhodopsin monoclo-
nal antibody was performed on ED18 eyes sections (Fig. 4B).
In normal chicken retina, expression of rhodopsin tran-
scripts starts at ED15 (Bruhn and Cepko, 1996). Accord-
ingly, in areas where photoreceptors are in contact with a
normal pigmented epithelium, outer segments were stained
with anti-rhodopsin antibody (Rho4D2). In contrast, no
signal could be detected in the regions where outer seg-
ments are in the vicinity of depigmented cell areas. These
results suggested that although ectopic expression of
MEKDD did not prevent the formation of photoreceptors
outer nuclear layer (ONL), their terminal differentiation
was altered as a result of the absence of a functional RPE.
Finally, we cannot formally rule out the possibility that
expression of activated MEK-1 also had a direct effect on the
lamination of the NR at late stages.
TABLE 1
Phenotype of Injected Embryos
Virus injected
Alive embryos
examined
Embryos presenting
depigmented areas
RCAS-A 24 0
RCAS/MEKDD 20 19
Note. Results presented were obtained from independent experi-
ments using two different viral stocks. Only alive embryos were
taken into account.
FIG. 1. Eye depigmentation in chicken embryo injected with
RCAS/MEKDD retrovirus. Optic vesicles of chicken embryos were
injected with the RCAS/MEKDD retrovirus as indicated in Materi-
als and Methods, and eyes were harvested at different developmen-
tal stages: ED5 (A), ED7 (B), and ED18 (C). (D) Uninjected (UI)
control embryo. (E) Embryo injected with the RCAS empty vector.
Images are all oriented with the dorsal region of the eye toward the
bottom. White arrows indicate examples of depigmented areas.
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FIG. 2. Unpigmented cell expansion in the RPE of chicken embryo injected with RCAS/MEKDD retrovirus. Histological cross-sections of
the retinas derived from RCAS/MEKDD-injected (A, C, D, F, G, I, K, L) or uninjected (B, E, H, J) embryos sacrificed at various developmental
stages: ED5 (A, B), ED7 (C–E), ED12 (F–H), and ED18 (I–L). Open arrowheads delineate the interruption of RPE pigmentation. Abbreviations:
RPE, retinal pigmented epithelium; NE, neuroepithelium; INL, inner nuclear layer; ONL, outer nuclear layer (photoreceptors); GCL,
ganglion cell layer. Scale bars, 50 m.
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Constitutive Activation of MEK-1 Induces
Transdifferentiation of RPE into Neural Retina
The phenotype depicted in Figs. 2 and 3 could be ex-
plained either by an increase in RPE cell proliferation
accompanied by an inhibition of terminal differentiation or
by the downregulation of Mitf expression resulting in an
RPE-to-NR transdifferentiation process. To test the first
hypothesis, we performed in ovo BrdU-labeling experi-
ments (Figs. 5B and 5F). Interestingly, we found that some
but not all of the anomalies contained cells in the S-phase.
Indeed, sections presented in Fig. 5 were obtained from
ED12 and ED18 embryos, at stages when proliferation of all
retina cell types has normally ceased. Importantly, not all
the depigmented areas were found to be BrdU-positive (data
not shown), and moreover, within the BrdU-positive ones,
only restricted cell areas were labeled, although all cells of
the depigmented RPE as well as surrounding cells expressed
the MEKDD protein (Figs. 5B and 5C).
We previously reported that constitutive activation of
MEK-1 induced sustained proliferation of postmitotic
chicken embryonic NR cells in culture (Denouel-Galy et
al., 1998; Peyssonnaux et al., 2000). Therefore, it could be
apparently surprising that no cell division was observed in
the NR of RCAS/MEKDD-infected embryos, despite the
detection of MEKDD protein expression in this layer (Fig. 5A;
and data not shown). However, it should be noted that in
vitro, MEKDD-induced NR cell division requires cooperation
with growth factors present in the culture medium and
that, in contrast with established fibroblastic cell lines,
constitutive activation of the Ras/Raf/MEK/ERK pathway
in NR cells does not confer them the ability to grow in
low-serum conditions (Peyssonnaux et al., 2000, and refer-
ences therein). In addition, we have shown that MEKDD
cannot act alone but required the cooperation with a
PI3-kinase/Rac pathway to induce NR cell proliferation in
vitro (Peyssonnaux et al., 2000). In vivo, the NR is a laminar
FIG. 3. Expression of HA1-MEKDD in infected retinas. Cross-sections of ED12 (A, C, E) and ED18 (B, D, F) retinas infected with
RCAS/MEKDD virus were immunostained with a polyclonal anti-HA1 antibody (C, D). Nuclear layers were stained with DAPI (E, F). (A, B)
Phase contrast. Black or white arrowheads delineate the interruption of RPE pigmentation. Note an anti-HA1 labeling not only in the
depigmented areas but also in the surrounding retina. Abbreviations: RPE, retinal pigmented epithelium; INL, inner nuclear layer; ONL,
outer nuclear layer (photoreceptors); GCL, ganglion cell layer. Scale bars, 50 m.
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structure in which cell-to-cell contacts play crucial roles in
transducing extracellular signals. Therefore, it is possible
that the additional signals mentioned above are either
absent or downregulated in the NR in ovo, precluding
MEKDD-mediated cell proliferation. Nevertheless, we can-
not exclude that NR cell proliferation occurred to some
extent at earlier stages of development. Taken together,
these results suggested that cell proliferation observed in
some of the depigmented areas was likely to be the conse-
quence of cell dedifferentiation rather than a direct effect of
MEKDD on the cell cycle, and that these cells probably
undergo asynchronous transdifferentiation. Indeed, cell
transdifferentiation often proceeds through a dedifferentia-
tion step that is accompanied by de novo cell proliferation,
especially in the RPE (Eguchi and Kodama, 1993).
Both RPE and NR cells originate from the same neuroec-
todermic origin and the decision to differentiate into either
phenotype relies on spatiotemporal expression of specific
transcription factors, including Mitf and Pax6 (Nguyen and
Arnheiter, 2000; Fuhrmann et al., 2000; Martinez-Morales
et al., 2001; Planque et al., 2001). Transdifferentiation of
RPE into NR requires downregulation of the transcription
factor Mitf in the RPE (Nguyen and Arnheiter, 2000; Mochii
et al., 1998a,b). Accordingly, excessive proliferation was
observed in the embryonic RPE of Mitf mutant mice
exhibiting RPE-to-NR transdifferentiation (Nguyen and
Arnheiter, 2000). Therefore, we looked for the expression of
Mitf in the presumptive RPE of MEKDD-injected embryos.
As shown in Fig. 6, we detected a strong nuclear expression
of Mitf in RPE cells (Fig. 6A), whereas cells from MEKDD-
induced depigmented areas did not express Mitf (Fig. 6D).
Since Mitf expression starts at stage 14 in the optic vesicle
of chick embryos (Mochii et al., 1998a), i.e., before RCAS/
MEKDD virus was injected, we conclude that MEKDD down-
regulated Mitf protein expression. However, our results do
not rule out the possibility that activation of the MAPK
pathway also has an effect on Mitf expression at the
transcriptional level.
The transcription factor Pax6 is required for retina and
more generally for eye development (Hill et al., 1991). At
early stages, it is expressed in the whole optic vesicle,
including RPE and NE. Later on, its expression becomes
restricted to the NR (Belecky-Adams et al., 1997) and is
required for specification of the distinct neuronal cell types
(Marquardt et al., 2001). By immunostaining of ED7 eyes
sections with an anti-Pax6 antibody, we found a strong
nuclear labeling in the prospective ganglion cell and ama-
crine cell regions, whereas the signal was barely detectable
in prospective photoreceptors (Fig. 7B), in agreement with
previous studies in chicken retina (Belecky-Adams et al.,
1997; Mochii et al., 1998a). Consistent with a neuronal
transdifferentiation process, we observed that nuclei from
cells of MEKDD-induced depigmented areas were also sig-
nificantly stained with the anti-Pax6 antibody, whereas
nuclei from normal RPE cells were not labeled. Therefore,
there was a perfect correlation between Mitf downregula-
tion and Pax6 expression in cells induced to transdifferen-
tiate upon MEKDD ectopic expression in the RPE layer.
To further confirm the neural-like phenotype of depig-
mented areas, we looked for the expression of markers
specific of the neuronal and glial lineages (Figs. 7H, 7K, and
7N). Neurofilament 200 (NF 200) and microtubule-
associated protein 2 (MAP2) are two neuronal proteins
widely expressed in neurons of the CNS, including neuro-
retina (Tucker and Matus, 1987; Torelli et al., 1989). Im-
munostaining with an antibody against NF 200 in normal
ED18 retina indicated that all the layers of the neural retina
were labeled (Fig. 7E), with strong signals detected in the
outer plexiform layer, the internal part of the inner nuclear
layer, the inner plexiform layer, and the ganglional cell
FIG. 4. Photoreceptor differentiation is altered in RCAS/MEKDD-
infected retina. A cross-section of an ED18 retina (A–C) infected
with RCAS/MEKDD virus was immunostained with the Rho4D2
monoclonal antibody (B). Nuclear layers were stained with DAPI
(C). (A) Phase contrast. Black or white arrowheads delineate the
depigmented cell area. Note the absence of rhodopsin expression in
the outer segments of photoreceptors in contact with depigmented
cells. Abbreviations: RPE, retinal pigmented epithelium; INL,
inner nuclear layer; ONL, outer nuclear layer (photoreceptors).
Scale bars, 50 m.
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layer. A strong signal was similarly observed in cells from
the depigmented areas induced by MEKDD (Fig. 7H). In
contrast, normal RPE cells did not react with this antibody.
Immunostaining with an antibody against MAP2 showed
strong labeling of both the outer nuclear and plexiform
layers and to a lower extent of the ganglion cell layer (Fig.
FIG. 5. Cell proliferation in RCAS/MEKDD-infected RPE. Bromodeoxyuridine (BrdU) was administrated into RCAS/MEKDD-injected
embryos 48 h prior to sacrifice. Cross-sections of ED18 (A–D)- and ED12 (E, F)-infected retina were immunostained with anti-BrdU antibody
for S-phase cell labeling (B, F). Nuclear layers were stained with DAPI (A, E). (C) Immunostaining with anti-HA1 antibody for MEKDD
expression. (D) Phase contrast. Black or white arrowheads delineate the RPE depigmented area. Abbreviations: RPE, retinal pigmented
epithelium; INL, inner nuclear layer; ONL, outer nuclear layer (photoreceptors); GCL, ganglion cell layer. Scale bars, 25 m.
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7K), in agreement with previous studies in avian retina
(Tucker and Matus, 1987). As observed with NF 200, the
anti-MAP2 antibody also clearly labeled the depigmented
areas induced by MEKDD (Fig. 7K). These results show that
depigmented cells express specific neuronal markers usu-
ally not present in the normal RPE. Moreover, we found
that the MEKDD-induced depigmented areas also expressed
markers of the glial lineage. Indeed, the 3CB2 monoclonal
antibody, which nicely decorated the Muller glial cells
extending from ganglion cell layer to the outer limiting
membrane of photoreceptors in the normal neural retina,
also strongly labeled RPE cells in the depigmented areas
(Fig. 7N). It is noteworthy, however, that the labeling of
anomalies does not reveal a laminar structure similar to
that of the normal NR. This represents a difference with
genetic models in which the absence of a functional Mitf
protein in the whole RPE prevents its differentiation and
results, by default, in a second laminated neural retina
which formation is under the control of signals emanating
from adjacent tissues in a homogenous manner. In contrast,
retroviral-mediated expression of the MEKDD transgene con-
cerns only a minority of RPE cells in isolated patches
corresponding to the onset of retrovirus infection, at a stage
where Mitf expression and RPE differentiation have already
started. Therefore, our results are in favor of a transdiffer-
entiation process of cells already committed to differentiate
as pigmented cells. It is possible that, at this stage, signals
from adjacent tissues are not sufficient—or counteracted by
those arising from normal RPE—to allow lamination in a
restricted area of an otherwise normal retina.
Taken together, these results strongly suggested that
constitutive activation of the MAPK/ERK pathway induced
transdifferentiation of the RPE into a neural-like epithe-
lium that is correlated with a downregulation of Mitf
expression in the presumptive RPE. Recent in vitro studies
using melanoma cell lines and normal melanocytes in
FIG. 6. Mitf protein is downregulated in MEKDD-induced depigmented areas. Cross-sections of uninfected (A, B) and RCAS/MEKDD-
infected (C–E) ED7 retinas were immunostained with an anti-Mitf antibody (A, D) to detect nuclear Mitf protein expression in the RPE.
Nuclear layers were stained with DAPI (B, E). (C) Phase contrast of (D) and (E). Black or white arrowheads delineate the interruption of RPE
pigmentation. Abbreviations: RPE, retinal pigmented epithelium; NE, neuroepithelium. Scale bars, 25 m.
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culture showed that Mitf activity is regulated by phosphor-
ylation mechanisms mediated by the MAPK/ERK pathway,
in response to c-Kit stimulation (Hemesath et al., 1998; Wu
et al., 2000). Mitf is phosphorylated on serine 73 by ERK,
the unique downstream effector of MEK, and on serine 409
by RSK-1, a protein kinase activated by ERK. These two
phosphorylation events were found to target Mitf for
ubiquitin-dependent proteolysis, resulting in its rapid deg-
radation and downregulation. It is therefore conceivable
that such a mechanism is responsible for downregulating
Mitf expression upon constitutive activation of MEK in
RCAS/MEKDD-infected RPE. Interestingly, FGF, a potent
activator of the Raf/MEK/ERK pathway (Morrison et al.,
1988; MacNicol et al., 1993), is also able to induce a
neuroretinal phenotype and to downregulate Mitf protein in
the RPE of explant cultures of mouse optic vesicles
(Nguyen and Arnheiter, 2000). Therefore, we examined
whether FGF was able to activate the MAPK/ERK pathway
in RPE cells. As shown in Fig. 8, treatment of primary
cultures of avian RPE cells with FGF-2 resulted in a rapid
and sustained activation of ERK, as measured by its phos-
phorylation on Thr202 and Tyr204 activating residues. This
phosphorylation was MEK-dependent since it is fully abol-
ished in the presence of the U0126 inhibitor. Taken to-
gether, these results suggest that activation of the MAPK/
ERK pathway and subsequent phosphorylation and degra-
dation of Mitf might well be a common mechanism by
which RPE-to-NR transdifferentiation is achieved.
CONCLUSION
In this study, we have shown that ectopic expression of
constitutively activated MEK, the immediate upstream
activator of the MAPK ERK, is sufficient to induce RPE
transdifferentiation in vivo. To our knowledge, this is the
first demonstration of MEK capacity to induce transdiffer-
entiation in an animal model. This transdifferentiation
phenotype mimics that generated in vertebrate retina by
either ectopic expression of FGF or loss of Mitf function by
mutation. Other studies using distinct biological models
and/or in vitro cell systems have demonstrated on the one
hand that the MAPK/ERK signaling pathway was a key
downstream target of the FGF receptor and, on the other
hand, that activation of this pathway resulted in the down-
regulation of Mitf through phosphorylation and subsequent
degradation. Taken together, these observations strongly
suggest that the MAPK/ERK pathway represents a direct
link between FGF signaling and Mitf downregulation in the
RPE-to-NR transdifferentiation process in vivo. In addition,
our observations constitute the first example that Mitf
regulation by the MAPK/ERK pathway can occur in vivo,
providing a physiological relevance for recent in vitro
studies. While the writing of this manuscript was com-
pleted, Overbeek and colleagues reported that transgenic
mice expressing either FGF9 or activated Ras under the
tyrosinase-related protein 2 promoter develop a phenotype
similar to that of Mitf/ mice with a duplicate neural
retina in place of the RPE (Zhao et al., 2001). Although
these findings support a role for Ras downstream of the FGF
receptor in the RPE-to-NR transdifferentiation process,
FIG. 8. FGF-2 induces sustained MAPK/ERK activation in avian
RPE cells. Primary cultures of avian RPE cells were treated with
recombinant FGF-2 for 5, 15, or 60 min as indicated, in the presence
or absence of the MEK inhibitor U0126. Equal amounts of protein
extracts were separated on SDS–PAGE and analyzed by Western
blotting with an anti-phospho-ERK antibody to detect activated
ERK (P-ERK). The membrane was then stripped and reprobed with
an anti-ERK antibody to detect total ERK proteins (ERK).
FIG. 7. Expression of neural markers in MEKDD-induced depigmented areas. A cross-section of an ED7 RCAS/MEKDD-infected retina (A–C)
was immunostained with an anti-Pax6 antibody (B) to detect nuclear Pax6 protein expression. Nuclear layers stained with DAPI (C) and
phase contrast (A) are shown. Black or white arrowheads delineate the interruption of RPE pigmentation. Cross-sections of uninfected (D–F)
and RCAS/MEKDD-infected (G–I) ED18 retinas were immunostained with an anti-neurofilament 200 (E, H). Nuclear layers stained with
DAPI (F, I) and phase contrast (D, G) are shown. Black and white arrowheads indicate NF 200 labeling in the depigmented area of the RPE.
A cross-section of an ED18 RCAS/MEKDD-infected retina (J–L) was immunostained with an anti-MAP2 antibody (K). Nuclear layers stained
with DAPI (L) and phase contrast (J) are shown. Black or white arrowheads delineate the interruption of RPE pigmentation. A cross-section
of an ED18 RCAS/MEKDD-infected retina (M–O) was immunostained with the 3CB2 monoclonal antibody (N) that specifically labeled
Muller glial cells. Nuclear layers stained with DAPI (O) and phase contrast (M) are shown. Black or white arrowheads delineate the
interruption of RPE pigmentation. Abbreviations: RPE, retinal pigmented epithelium; NE, neuroepithelium; INL, inner nuclear layer; ONL,
outer nuclear layer (photoreceptors); GCL, ganglion cell layer. Scale bars, 50 m.
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they do not prove the implication of the Raf/MEK/ERK
cascade. Indeed, Ras exerts its effects through the activation
of multiple downstream signaling pathways by direct inter-
action with distinct effector molecules (Katz and McCor-
mick, 1997; Vojtek and Der, 1998; Downward, 1998), in-
cluding Raf (Peyssonnaux and Eyche`ne, 2001; Hindley and
Kolch, 2002), Ral-GEFs (Wolthuis and Bos, 1999), and PI-3K
(Rodriguez-Viciana et al., 1997). The use of Ras effector
mutants that contain a second mutation discriminating
between each of these downstream effectors has confirmed
that each pathway specifically contribute to Ras down-
stream signaling by eliciting specific biological responses
(White et al., 1995; Rodriguez-Viciana et al., 1997; Peysson-
naux et al., 2000). PI-3K signaling is required downstream of
FGF for several physiological processes (Chen et al., 2000;
Carballada et al., 2001), and FGF-induced PI-3K activation
was recently demonstrated to be mediated through Ras and
to cooperate with the MAPK pathway in an in vivo model
(Carballada et al., 2001). In addition, although Ras-induced
MAPK/ERK activation is known to be mediated through
the activation of MAPKKK of the Raf family, it has been
shown that Raf proteins can elicit biological responses
independently of MEK activation (Hindley and Kolch,
2002). In contrast, no other substrate than ERK has been so
far described for MEK. Therefore, our study represents the
first direct demonstration that activation of the MEK/ERK
pathway is sufficient to induce RPE-to-NR transdifferentia-
tion in vivo.
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